Aim: The aim of the present study is to establish a population pharmacokinetic (PPK) model of valproate (VPA) in Chinese epileptic children to promote the reasonable use of anti-epileptic drugs. Methods: Sparse data of VPA serum concentrations from 417 epileptic children were collected. These patients were divided into 2 groups: the PPK model group (n=317) and the PPK valid group (n=100). The PPK parameter values of VPA were calculated by NONMEM software using the data of the PPK model group. A basic model and a final model were set up. To validate the 2 models, the concentrations of PPK valid group were predicted by each model, respectively. The mean prediction error (MPE), mean squared prediction error (MSPE), root mean squared prediction error (RMSPE), weight residues (WRES), and the 95% confidence intervals (95% CI) were also calculated. Then, the values between the 2 models were compared. Results: The PPK of VPA was determined by a 1-compartment model with a first-order absorption process. The basic model was: Ka=3.09 (h (-30.36, -16.70), 3728.96 (2872.72, 4585.20), 39.62 (34.34, 44.90), and -0.06 (-0.14, 0.02), respectively. For the final model, the MPE, MSPE, RMSPE, WRES, and the 95% CI were -1.16 (-4.85, 2.53), 1002.83 (1050.64, 1143.61), 23.04 (21.12, 24.96), and 0.08 (-0.04, 0.20), respectively. The final model was more optimal than the basic model. Conclusion: The PPK model of VPA in Chinese epileptic children was successfully established. It will be valuable to facilitate individualized dosage regimens.
Introduction
Valproate (VPA) is an important drug in the treatment of childhood epilepsy (EP) because of its broad therapeutic spectrum. Its efficacy in generalized seizures, absence seizures, myoclonic seizures and partial seizures, and its acceptable safety profile have made VPA a first-choice agent for a wide range of seizure disorders occurring in the children [1] [2] [3] . However, the use of VPA in children is complicated in clinical practice due to the variability of pharmacokinetics (PK), which is attributed to many factors, such as drug formulations, age, drug co-administration, and interactions [4, 5] . In addition, VPA has potential toxicity for the digestive system, blood system, and liver function. Therefore, individualized VPA dosage regimens must be used. This can be most effectively done when individual PK parameter values are known [6] . PK is the science of determining the absorption, distribution, metabolism, and excretion of drugs in vivo. The tradi-tional method for calculating individual PK parameters was to collect multiple (up to [7] [8] [9] [10] blood samples from a single patient at different times after a single dose; then the values of individual PK parameters were calculated by using PK professional software. Nevertheless, the traditional method of calculating individual PK parameters needed more datarich situations and was not always accepted by patients (especially children) because of pain, inconvenience, and the heavy economic burden it produced. A new way of determining individual doses uses population pharmacokinetics (PPK) and the Bayesian method to obtain individual PK parameters and has avoided the disadvantages of the traditional method. Many successful uses of PPK have been described [7] [8] [9] [10] [11] . Both domestic and foreign studies [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] on VPA have only collected data of trough concentrations, and only 1 parameter-CL/F could be analyzed and set up a final model of CL/F. However, a few studies [21, 22] analyzed 3 parameters, including Ka and V/F of PPK. To our knowledge, at the time of the present study, there were few detailed studies of VPA concentrations establishing the PPK model by non-linear mixed effects modeling (NONMEM) software (NONMEM Project Group, University of California, San Francisco, California, USA), which lacked detailed information on the VPA PPK process of absorption, distribution, metabolism, and excretion. Therefore, in the present study, we used data of VPA concentrations from a group of Chinese children with EP to set up a PPK model and to explore 3 PPK parameters. We then used this model to see how well we could predict VPA serum concentrations in another group of similar children. This model will be valuable to facilitate individualized dosage regimens.
Materials and methods
Patients The enrolment criteria were as follows: (1) the children were diagnosed as having EP based on seizures and an electroencephalogram by a clinician; (2) the VPA therapy duration was over 5 half-lives (7 d) so as to ensure that the measured concentration was at steady-state trough; and (3) normal liver and kidney function. The exclusion criteria were as follows: (1) patients didn't have good compliance; and (2) patients with serious adverse drug reaction.
Sparse therapeutic drug monitoring (TDM) data for VPA serum concentrations from 417 pediatric patients with EP at the Departments of Neurology and Pediatrics at Xuan-wu Hospital of Capital Medical University (Beijing, China) and the Department of Pediatrics at Peking University First Hospital (Beijing, China) were collected. The patients were from all over the country and were taking VPA either alone or concomitantly with other anti-epileptic drugs (AED), such as phenytoin, carbamazepine, phenobarbital, lamotrigine, and topiramate. The patients had no hepatic or renal disease. These VPA concentrations were steady-state serum concentrations and included peaks and troughs. All of the patients or their parents recorded all the dosages administered as well as the times of dosage administration and blood sampling. They were all judged to have had good compliance and the importance of good records was emphasized by their treating physicians [10, 11, 23] . The patients were divided into 2 groups: the PPK model group (n=317) and the PPK valid group (n=100). The PPK parameter values of VPA were calculated by NONMEM software with the data of 317 patients in the PPK model group, and then a basic and a final model were set up. To validate the basic and the final model, the concentrations of 100 patients in the PPK valid group were predicted by the 2 models, respectively. To assess the accuracy and precision of the concentration prediction, the mean prediction error (MPE), mean squared prediction error (MSPE), root mean squared prediction error (RMSPE), weight residues (WRES), and the 95% confidence intervals (95% CI) were all calculated. Then the values between the 2 models were compared [24] [25] [26] . The protocol for this study was approved by the Regional Ethics Committee, and consent was obtained from all the children and their parents.
Serum concentration assay The VPA serum concentrations were assayed by a fluorescence polarization immunoassay (Abbott Laboratories, Abbott Park, IL, USA). The mean±SD of the assay at the standard concentration points of 25, 50, 100, and 125 µg/mL were 25.33±0.91, 50.14±0.77, 101.04±0.56, and 122.67±1.69 µg/mL, respectively. Typical day-to-day coefficients of variation for the assay were less than 4%.
PPK model Parameterization According to previously published studies [11, [27] [28] [29] [30] [31] , the VPA concentrations can be fit by using a 1-compartment model and a first-order absorption process. VPA is largely metabolized by the liver and little is excreted by the kidney. Therefore, the PPK parameters were determined by using a 1-compartment, first-order oral absorption model.
PPK model of VPA The PK data were analyzed with the use of NONMEM. A 1-compartment model with a firstorder absorption and first-order elimination from the central compartment (ADVAN 2) was used to fit the concentration-time data [12, 29] . First, the basic structural model with interindividual variability was built. The model was parameterized for apparent clearance (CL/F), the apparent volumes of distribution of the central compartment (V/F), and the absorption rate constant (Ka).
Then, the covariate variability was introduced step-bystep and the full PPK model was built:
CL/F j , V/F j , and Ka j were jth patient's population mean value, respectively; AGE j , WT j , and H j were jth parient's age (years), weight (kg), height (cm); HS (sustained-release tablet) was 1 in function when the sustained-release formulation was used, otherwise HS was 0. CO (comedication therapy) was 1 when comedication existed, otherwise, CO was 0. θ AGE , θ WT , θ H , θ HS , and θ co were the structure coefficients of the full regressive model and were parameter values of age, weight, height, drug formulations, and comedication, respectively.
Finally, the final PPK model was set up. Data analysis procedure Once the significant covariates were selected by the generalized additive model analysis, a stepwise forward and backward approach was applied so that each covariate was added or deleted one at a time. Sex, CO, and HS were the categorical covariates, respectively. These categorical covariates were modeled by the use of indicator variables. The influences of continuous covariates, such as age, weight, and height, as well as creatinine clearance, were also explored.
If it was possible, physiological relevance was considered in the covariate selection. However, the log-likelihood ratio test was the primary criterion used to determine the appropriateness of a selected covariate. A decrease in the objective function value of =3.84 (P<0.05, df=1) in an intermediate model compared with its previous model indicated that the full model was the superior model. If the difference in the objective function value was <3.84, then it was assumed that there was no significant difference between the 2 models, and the simpler reduced model (ie, without the covariate) was retained. Finally, the model was refined by either reintroducing the previously deleted covariates or removing covariates that already existed in the model one at a time. In the refinement of the PPK analysis (FO method), more stringent cutoff values were applied when determining whether to include a certain covariate or not. A reduced model was preferred to a full model unless the objective function value increased more than 6.63 (P<0.01, df=1). However, the reduction of 3.84 was used as a statistical criterion for the full PPK analyses, in which the FOCE method was used.
Throughout the process of model development, graphic methods were also used to judge the general goodness of fit. Plots of observed versus model-based populations or individual predicted values, as well as various residual plots, were used to detect any significant systematic departure from the model fit.
During each step in the model building process, improvements to the model were assessed by evaluations of the agreement between the observed and predicted plasma concentrations, reductions in the range of weighed residuals, uniformity of the distribution of the weighed residuals versus the predicted concentrations of the line of identity, and increases in the precision of the parameter estimations, as well as the reduction of the interindividual variability and the random residual variability [24] [25] [26] [32] [33] [34] [35] .
Statistical model
When an influence of the fixed effect was not considered, individual PK parameters were population-typical values plus random deviation. According to the experiential formulations, interindividual and intraindividual deviations (residual deviation) were presented by the logarithm plus model and plus model, respectively.
Ln (P j )=Ln (P)+η Pj E i j 0 =E ij +ε ij , where P j is the jth patient PK coefficient; P is the PK coefficcient, η Pj is interindividual deviation (its mean is 0 and variance is ϖ P ), E i j 0 is the observation value, E ij is the prediction value of E i j 0 , and ε ij is the intraindividual deviation (its mean is 0 and variance is σ E 2 ). Model validation To validate the basic and the final PPK model, concentrations of 100 patients in the PPK valid group were predicted by the 2 models, respectively. To assess the accuracy and precision of the concentration prediction, the MPE, MSPE, RMSPE, WRES, and the 95%CI were all calculated. Then, the values of the 2 models were compared [36] .
Results
PPK model of VPA A total of 844 steady-state concentrations from 417 patients were collected in the routine monitoring of VPA therapy. The intervals between the last dose time and sampling time were distributed over 0-27.5 h, mostly within 0-24 h. All of the patients had normal renal and hepatic function. The demographic features of the patients are shown in Table 1 . The distributions of concentration data and sampling times for the patients in the PPK model and PPK valid groups are shown in Figure 1 .
In the basic PPK model Ka=3.09 (h . Sampling times of blood cover all dosage intervals. Concentration data reflect characteristics of the absorption, distribution, and elimination phases of the dru g, so the PPK parameters cou ld be
Validation of the PPK model
Comparison between scattergrams of basic and final PPK model validated by the PPK valid group A scattergram of the population predicted and the observed concentrations of the patients were validated by the basic and final models ( Figure 2) .
As earlier shown, in the final model, the scatters of population were predicted and observed concentrations ( Figure 2B ) were symmetrically distributed on 2 diagonal sides with no significant bias. In the basic model, the predicted concentrations of the population were greater than the observed concentrations (Figure 2A) . The results indicated that the final model was more accurate than the basic model.
Comparison prediction errors between the final model and basic model The 95% CI of WRES in the final and the basic models all contained 0 and showed no significant statistical difference. Other indicators in the final model, such as MPE, MSPE, and RMSPE all decreased (Table 4 ) and showed more accurate predictions.
Discussion
Patients' data When the asymmetrical data were collected, it was found that more attention should be paid to the distribution of the blood sampling time. For example, if all collected concentrations were trough concentrations, therefore, there was no information about the absorption phase and distribution phase, the researchers would , the scattergram of predicted and observed concentrations was symmetrical distributed on both sides, and there was no significant bias. In the basic model (A), the predicted concentrations were greater than the observed concentrations.
Final model was more accurate than the basic model, so the final model had a better degree of accuracy and precision than the basic model.
be unable to obtain reasonable parameters about the absorption and distribution processes. If the researchers could obtain 1-2 points during the absorption phase, distribution phase, or elimination phase from the different cases, the data of all the cases would contain information about the absorption, distribution, and elimination processes, so the PPK parameters could be analyzed by the asymmetrical data. In total, 844 sparse concentrations of VPA from 417 children with EP were collected. These concentrations were all steady-state concentrations and routine TDM data. As seen in the Figure 1 , the intervals between the last dose time and the blood sampling time ranged from 0 to 27.5 h (mostly from 0 to 24 h, mainly converging on 0 to 15 h). As we know, ordinary formulations of VPA should be taken 2 or 3 times per day and sustained-release tablets once per day. The dosage interval should be less than 24 h, so the sampling intervals of the collected data covered all the dosage intervals. These concentration data could reflect the information on absorption, distribution, and elimination phases of the drug, so the PPK parameters could be estimated by NONMEM software [7] [8] [24] [25] [26] . Furthermore, the comedication AED included phenytoin, carbamazepine, phenobarbital, topiramate, and lamotrigine. Some patients had more than 2 types of comedication drugs. It's a pity that the number of patients collected was not large, only 317 patients were included in the model group. If we analyzed the impact of every AED on the VPA individually, the patients in every group would diminish significantly. What's the worse, the researchers were unable to get the impact of this drug on VPA metabolism as a result. It is well known that the comedication AED has definite drug interaction and AED can enhance the metabolism of VPA. As a result, we did not analyze the impact of AED individually. Instead, we considered comedication as 1 factor. In this way, we were able to analyze comedication on the VPA metabolism and qualified the impact of comedication of AED on the clearance of VPA.
In addition, the PK profiles of children in different age groups are different. Instead of subdividing the population of children based on their ages, we considered the whole population as 1 research object and analyzed the impact of age on their PK profiles with the age covariates. In this way, we not only simplified the subdivision of the population, but also took the age factor into the PPK of children. Therefore, a PPK model of Chinese epileptic children was established by NONMEM software.
PPK model of VPA
Comparison with similar domestic research There are a few published studies about the PPK parameters of VPA calculated by NOMEM software in China. Hu et al [16] showed a large age range of epileptic patients (3-66 years), with a mean age of 21.8 years. However, there was no covariate age in their final model of CL/F. The value of this model was finite for children population.
Jiao et al's research [13] introduced the influence of age into the final model, which could be applied to child patients. However, that study only focused on the parameter of CL/ F; there was no analysis on the parameters of Ka and V/F. Therefore, it did not show all the processes of PK.
Jiang and Wang's study [21] calculated the VPA PPK parameter values and distributions of pediatric patients using the NPEM program of USC*PACK software (University of Southern California, Los Angeles, CA, USA). The optimum PPK parameters (mean±SD) were: Ka, 2.522±2.743 h . These were then used to establish a PPK model. Although this PPK model included 3 parameters, this model could not quantify the effects of influencing factors, such as age, weight, and drug co-administration. This was because of the limitation of USC*PACK software, but was resolved by NONMEM software.
Wang et al's [22] study analyzed 3 parameters of PK; they obtained 2 group-specific values of 3 parameters for monotherapy and concomitant medication, respectively, but did not quantify some influencing factors, such as age, weight, and concomitant medication. Comparison with similar overseas studies The overseas studies [11, 12, 14, 15, [17] [18] [19] [20] all fitted the 1-compartment firstorder absorption model for VPA by NONMEM software. The collected data were all trough concentrations, and only 1 parameter (CL/F) could be analyzed and was set up as a final model of CL/F. In addition, owing to different study materials, the influencing factors in the final models were different. However, all the PPK models were reasonable because the analyses were based on their own specific populations.
In this study, we focused on epileptic children and introduced the covariates of age, weight, concomitant medication, and different formulations on CL/F, V/F, and Ka into the final model. The data collected in the study covered the information about the absorption, distribution, and elimination phases and resulted in 3 parameters. We set up the final model of Ka, V/F, and CL/F, and analyzed the covariates of every parameter in order to gain a better understanding about the PPK of VPA. Our present study was specific to Chinese children with EP.
Validation of the PPK model The final model, which contained covariates, such as age, weight, concomitant medication, and different formulations, was more accurate in predicting the patients' blood concentrations than the basic model with no covariates. Because the basic model's MPE (95% CI) was -23.53 (-30.36, -16.70), and did not contain 0, it indicated that the bias of prediction was greater. However, the final model's MPE (95% CI) was -1.16 (-4.85, 2.53) and contained 0, indicating the predicative deviation fluctuates in the vicinity of 0. Furthermore, the RMSPE (95% CI) (23.04 [21.12, 24 .96]) of the final model outweighed the basic model (39.62 [34.34, 44 .90]), so the final model had a greater degree of accuracy and precision than the basic model.
Based on this PPK model, individual PK parameters will be estimated conveniently by the Bayesian approach. It will be valuable to facilitate individualized dosage regimens. This research will to be conducted in the near future.
